Feedback regulation of Ras2 guanine nucleotide exchange factor (Ras2-GEF) activity of Cdc25p by Cdc25p phosphorylation in the yeast Saccharomyces cerevisiae  by Jian, Dong et al.
FEBS Letters 584 (2010) 4745–4750journal homepage: www.FEBSLetters .orgFeedback regulation of Ras2 guanine nucleotide exchange factor (Ras2-GEF)
activity of Cdc25p by Cdc25p phosphorylation in the yeast Saccharomyces cerevisiae
Dong Jian ⇑, Zhang Aili, Bai Xiaojia, Zhao Huansheng, Hu Yun
Department of Biochemical Engineering, School of Chemical Engineering and Technology, Tianjin University, Weijin Road 92, Nankai District, Tianjin 300072, PR China
a r t i c l e i n f o a b s t r a c tArticle history:
Received 19 August 2010
Revised 28 October 2010
Accepted 3 November 2010
Available online 10 November 2010
Edited by Francesc Posas
Keywords:
Cdc25p
Phosphorylation
Ras2-GEF
Saccharomyces cerevisiae0014-5793/$36.00  2010 Federation of European Bio
doi:10.1016/j.febslet.2010.11.006
⇑ Corresponding author. Fax: +86 022 27406770.
E-mail address: dongjianbio@tju.edu.cn (D. Jian).Ras-GEF Cdc25p has been found to be hyperphosphorylated upon glucose addition. This work pro-
vides evidence indicating that PKA activity positively regulates the degree of Cdc25p phosphoryla-
tion, and that the intracellular association of Cdc25p and Ras2p is independent of PKA activity. In
vitro experiments revealed that the Ras2-GEF activity of Cdc25p is inhibited by Cdc25p phosphory-
lation. These data suggest a negative feedback mechanism by which intracellular cAMP synthesis is
inhibited by PKA through Cdc25p phosphorylation.
Structured summary:
MINT-8053016: CDC25p (uniprotkb:P04821) physically interacts (MI:0915) with ras2p (uniprotkb:
P01120) by anti tag co-immunoprecipitation (MI:0007)
MINT-8053030: ras2p (uniprotkb:P01120) physically interacts (MI:0915) with CDC25p (uniprotkb:
P04821) by anti bait co-immunoprecipitation (MI:0006)
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In the yeast Saccharomyces cerevisiae, the Ras/cAMP/PKA (pro-
tein kinase A) pathway plays an important role in the control of
many cellular processes, including nutrient sensing, regulation of
cell proliferation, carbon storage and stress resistance [1]. Ras are
small monomeric GTP-binding proteins that cycle between active
GTP-bound and inactive GDP-bound states. Positive regulation of
Ras proteins requires the action of GEFs that catalyze the transfor-
mation from inactive GDP-bound form of Ras to active GTP-bound
form. The S. cerevisiae genes encoding Ras-GEFs include CDC25 and
SDC25. CDC25 gene product is a 180 kDa membrane bound protein
that constitutes the principal Ras-GEF, whereas SDS25 is consid-
ered dispensable and is normally expressed only during nutrient
depletion or on non-fermentable carbon source [2,3]. Due to the
intrinsic slow GTPase activity, GTP hydrolysis of Ras proteins is
catalyzed by GTPase activating proteins, Ira1p and Ira2p [4]. The
recently identiﬁed Gb subunits, Gpb1/Krh2 and Gpb2/Krh1, are
proved to bind to the C-terminus of Ira proteins resulting in the
down-regulation of cAMP signaling through Ras proteins [5,6].
Adenylate cyclase (Cyr1p) catalyzes the synthesis of cAMP and is
activated by Ras proteins. The synthesized cAMP binds to the reg-
ulatory subunit (encoded by BCY1) of PKA and releases the activechemical Societies. Published by Ecatalytic subunits (encoded by TPK1, TPK2 and TPK3), thereby acti-
vating PKA [7,8]. Kinase Rim15p acts under the negative regulation
of PKA to control a broad range of adaptation in response to nutri-
ent limitation, including transcription mechanisms [9]. Kinase
Sch9p is required in part for glucose and nitrogen effects on the
PKA targets [10]. Kinase Yak1p appears to function in a pathway
antagonistic to the PKA pathway [11,12]. Kinase Tor1p functions
with PKA coordinately but independently to govern expression of
ribosomal protein and stress-responsive genes [13].
The cAMP accumulation in yeast is under a rigorous feedback
inhibition by PKA [14]. The feedback regulation on cAMP accumu-
lation can occur at the level of its degradation through the cAMP
low-afﬁnity and high-afﬁnity phosphodiesterases, Pde1p and
Pde2p [15,16], and its synthesis through Ras proteins [17], Ira pro-
teins [18,19] and Cdc25p [20]. The phosphorylation degree of
Cdc25p has been found to be signiﬁcantly elevated in response to
glucose, causing a partial redistribution of phosphorylated Cdc25p
to the cytoplasm [20].
In this work the role of intrinsic PKA activity in regulating the
phosphorylation state of Cdc25p was investigated. Co-immunopre-
cipitation assay was performed to detect the intracellular associa-
tion of Cdc25p and Ras2p in mutants in PKA. The non-radioisotopic
Ras2-GTP pull-down assay was used to quantitatively analyze the
in vitro Ras2-GEF activities of Cdc25 proteins in different phos-
phorylation states. The results reveal the involvement of the
Cdc25p phosphorylation in regulating the Ras2-GEF activity andlsevier B.V. All rights reserved.
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cAMP synthesis is inhibited by PKA through Cdc25p.
2. Materials and methods
2.1. Plasmids, strains and media
The plasmid vectors YIplac211, YEplac195 and pGEX4T-1 [21]
were used for construction of plasmids YIpCDC25HA, YEp-PDE2
and pGEX-RAS2. Yeast strains used in this study are listed in
Table 1. Plasmid and strain constructions are presented in Supple-
mentary data. Yeast cells were grown in YP medium (1% yeast ex-
tract, 2% peptone) supplemented with 2% glucose. Solid media
contains 1.5% agar. Carbon source-starved cells were grown on
YP medium supplemented with 2% ethanol (YPE), 2% acetate
(YPAc) or 3% glycerol (YPG). To express GST-RBD and GST-Ras2 fu-
sion proteins, plasmids pGEX2T-RBD (obtained by Colombo S) and
pGEX-RAS2 were transformed to Escherichia coli BL21, which was
subsequently cultured in Luria–Bertani medium with ampicillin
resistance.
2.2. Cdc25p mobility shift assay
Yeast cells were collected by centrifugation, washed with cell
lysis buffer containing 50 mM Tris–HCl, pH7.5, 150 mM NaCl,
1 mM EDTA, 5 mM MgCl2 and 0.1% NP-40. Cells were broken by
gently vortex with glass beads in ice-cold cell lysis buffer added
with 0.25% Sodium deoxycholate, 1 mM PMSF, 10 mM NaF, 1 mM
Sodium orthovanadate, 10 mM b-glycerol phosphate, and one
tablet of Protease Inhibitor Mixture (Roche Applied Science) in
50 ml of extraction medium. The mixture was then centrifuged
at 13 000 rpm for 5 min at 4 C to remove unbroken cells and
glass beads. The supernatant is referred as cell lysate. Protein con-
centrations were determined by RC DC protein assay (BIO RAD).
Cell lysate was diluted in 2  sample buffer containing 100 mM
Tris–HCl, pH6.8, 2% b-mercaptoethanol, 4% SDS, 0.2% bromphenol
blue and 20% glycerol, incubated for 5 min at 65 C. Fifteen micro-
grams of the samples were subsequently loaded onto 6% PAGE–SDS
gel, separated distinctly, and transferred onto nitrocellulose
membranes. Cdc25p was detected by anti-HA antibody (Santa
Cruz) and revealed using a chemiluminescent substrate system
(Pierce).Table 1
List of Saccharomyces cerevisiae strains.
Strain Genotype Source
W303-
1A
MATa leu2 ura3 trp1 his3 ade2 can1 Thomas
(1989)
W303-
1B
MATa leu2 ura3 trp1 his3 ade2 can1 Thomas
(1989)
PMA203 W303-1A RAS2val19 Yun Hu
(2009)
DJ311 W303-1A yak1D bcy1D tpk1D tpk2D tpk3D This work
DJ401-A W303-1A CDC25-3  HA This work
DJ401-B W303-1B CDC25-3  HA This work
DJ411 DJ311  DJ401-B This work
DJ402 W303-1A yak1D tpk1D tpk2D tpk3D CDC25-
3  HA
This work
DJ424 W303-1A yak1D bcy1D tpk1D tpk2D tpk3D
CDC25-3  HA
This work
ZHS304 W303-1A bcy1D tpk2D tpk3D CDC25-3  HA This work
ZHS301 W303-1A bcy1D tpk3D CDC25-3  HA This work
ZHS804 W303-1A RAS2val19 CDC25-3  HA This work
DJ403 W303-1A rim15D CDC25-3  HA This work
DJ404 W303-1A sch9D CDC25-3  HA This work
DJ405 W303-1A tor1D CDC25-3  HA This work
DJ409 W303-1A yak1D CDC25-3  HA This work2.3. Immunoprecipitation and co-immunoprecipitation assay
For immunoprecipitation and co-immunoprecipitation assay,
anti-Ras2 antibody (Santa Cruz) and anti-HA antibody (Santa Cruz)
were used. For Ras2p immunoprecipitation, 120 lg of cell lysate
was incubated with 1 lg anti-Ras2 antibody (anti-HA antibody
was used for Cdc25p immunoprecipitation) at 4 C for 3 h and then
immunoprecipitated with 20 ll bed volume of protein G sepharose
(GE healthcare) at 4 C overnight. The beads were gently washed
with ice-cold cell lysis buffer, diluted in 2  sample buffer and
incubated for 5 min at 65 C. The samples were subsequently
loaded onto 12.5% PAGE–SDS gel, separated, and transferred onto
nitrocellulose membranes. Cdc25p was detected by anti-HA anti-
body and Ras2p by anti-Ras2 antibody. Band intensities were
quantiﬁed using SCION IMAGE software (version 4.03, Scion Corpo-
ration). Data shown in the graphs were the average of three inde-
pendent experiments and error bars are reported.
2.4. Phosphatase treatment assay
Alkaline phosphatase (Roche) was employed to dephosphory-
late Cdc25p. 40 ll of phosphatase buffer (50 mM Tris–HCl,
0.1 mM EDTA, pH 8.5) added with 10 units of enzyme and 20 ll
bed volume of immunoprecipitates. After incubating the reaction
mixture for 60 min at 30 C, the immunoprecipitates were sub-
jected to western blot analysis or protein elution.
2.5. Puriﬁcation of Cdc25 and Ras2 proteins
Cdc25p was expressed from yeast cells tagged with HA-epitope
(DJ401) and immunoprecipitated using anti-HA antibody. Five
hundred micrograms of cell lysate was incubated with 3 lg of
anti-HA antibody at 4 C for 3 h, the immune complexes were
recovered by incubation with 50 ll bed volume of protein G se-
pharose at 4 C overnight. The immunoprecipitated Cdc25p was
eluted in 80 ll elution buffer (100 mM glycine–HCl, pH2.2) for
5 min at room temperature and neutralized using neutralization
buffer (1 M Tris–HCl, pH8.8).
Ras2-GST fusion protein was expressed in E. coli strain BL21
transformed with plasmid pGEX-RAS2. After the induction via
0.1 mM isopropyl-b-D-galactopyranoside (IPTG), the incubation
was continued at 28 C for 4 h. The resuspended cell pellet from
500 ml culture was sonicated in 50 ml phosphate-buffered saline
(137 mmol/l NaCl, 7 mmol/l KCl, 4.3 mmol/l Na2HPO4, 1.4 mmol/l
KH2PO4) supplemented with 1 mM MgCl2, 1 mM PMSF, 10 lM
GDP and 1% Triton X-100. The protein solution was centrifuged
and the resulting supernate was incubated with 300 ll bed volume
of glutathione-sepharose (GE healthcare) for 3 h at 4 C. After
washed with ice-cold phosphate-buffered saline containing 1 mM
MgCl2 and 10 lM GDP, the retained protein was subjected to hu-
man thrombin protease (Amersham Bioscience) treatment to
cleave the 68 kDa form of GST-Ras2 fusion protein into 42 kDa
form of Ras2p and 26 kDa form of GST. The liberated Ras2p in
the supernate was collected and kept at 70 C in the presence
of 50% glycerol.2.6. In vitro Ras2p GDP/GTP loading assay
Puriﬁed Ras2p was loaded with GDP/GTP to evaluate its guan-
ine nucleotide binding activity. One microgram of Ras2p was incu-
bated in 25 ll buffer A containing 50 mM Tris–HCl, pH7.5, 1 mM
MgCl2, 100 mM NH4Cl, 0.1 mg/ml BSA plus 3 mM EDTA. The load-
ing reactions were started as 5 lMGDP/GTP was added. After incu-
bation for 10 min at 30 C, 3 mM MgCl2 was added to stop the
loading reactions and stabilize the Ras2-GDP/GTP complexes. The
Fig. 1. In vitro GDP/GTP loading of Ras2p. Ras2p was loaded with: lane 1: water;
lane 2: 5 lM GTP; lane 3: 5 lM GDP.
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MgCl2, the resulting mixtures were ﬁnally subjected to the Ras2-
GTP/RBD pull-down assay [17]. As result shown in Fig. 1, the
yielded Ras2p was able to bind GDP and GTP.
2.7. In vitro Ras2p GDP–GTP exchange reactions catalyzed by
immunoprecipitated Cdc25p
The in vitro Ras2-GEF activity of Cdc25p was determined
essentially as described by [22]. The Ras2p GDP–GTP exchange
reactions were started by adding 1 lM Ras2-GDP complex to Buf-
fer A (also used as the standard guanine nucleotide exchange
reaction buffer) containing 5 lM GDP, 5 lM GTP and 3 ll super-
nate of immunoprecipitated Cdc25p. The reactions were stopped
at the indicated time points by adding 10 times volume of buffer
A additionally added with 20 mM MgCl2. The resulting mixtures
were subjected to the Ras2-GTP/RBD pull-down assay [17]. The
ratio of Ras2-GTP/total Ras2p was determined by SCION IMAGE
software. This experiment was done at least in triplicate,
representative results are presented.Fig. 2. Carbon source-dependent Cdc25p phosphorylation. (A) Cdc25p from starved and
addition. (C) Cdc25p in YP medium supplied with: lane 1: 2% glucose; lane 2: 3% glycerol
30 s after (+) glucose addition.3. Results
3.1. The phosphorylation state of Cdc25p is affected by carbon source
in a PKA-dependent manner
To detect the glucose-induced elevation of Cdc25p phosphory-
lation under our experimental conditions, cell of DJ401 were
grown on glycerol medium to an A600 nm of 1 and Cdc25p was ob-
served to be in a fast-migrating state. In response to glucose addi-
tion, Cdc25p converted to a comparatively slow-migrating state
within 10 s (Fig. 2A). The slow-migrating Cdc25p was subjected
to phosphatase treatment and its electrophoretic migration was re-
stored (Fig. 2B), conﬁrming that its slow migration was due to pro-
tein phosphorylation. We also examined Cdc25p phosphorylation
in DJ401 grown on glucose and non-fermentable carbon sources
(glycerol, ethanol and acetate). Cdc25p on glucose was found to
be in a slower migration state compared with on non-fermentable
carbon sources (Fig. 2C), therefore suggesting a carbon source-
relevant Cdc25p phosphorylation.
To further clarify whether the carbon source-relevant Cdc25p
phosphorylation is in a PKA-dependent manner, we detected
Cdc25p phosphorylation of PKA-deleted cells (DJ402) on glucose
and glycerol and did not obtain any remarkable distinctions in
Cdc25p phosphorylation (data not shown). Moreover, Cdc25p
phosphorylation degree is found to be signiﬁcantly decreased
compared with wild-type cells when PKA is deleted (Fig. 2D).
One might hypothesize that the remarkable Cdc25p phosphory-
lation upon glucose may be positively induced by the Ras/
cAMP/PKA pathway-relevant kinase (Rim15p, Sch9p, Yak1p or
Tor1p) and, as a consequence, Cdc25p is failed to be phosphory-
lated when the kinase is deleted. Fig. 2E shows that in Rim15p
or Tor1p-deleted cells Cdc25p is phosphorylated upon glucoseglucose-induced cells. (B) Phosphatase treatment of Cdc25p of 10 s after glucose
; lane3: 2% ethanol; lane 4: 2% acetate. (D & E) Cdc25p from cells of starved () and
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deleted cells Cdc25p both from starved and glucose-induced
cells are surprisingly in a high phosphorylation degree. These
results suggest that Rim15p or Tor1p does not signiﬁcantly
regulate Cdc25p phosphorylation, whereas Sch9p and Yak1p
negatively regulate Cdc25p phosphorylation due to the fact that
Sch9p inhibits PKA and that Yak1p is antagonistic to PKA, there-
fore excluding the positive effect of Rim15p, Sch9p, Yak1p or
Tor1p kinase on the remarkable Cdc25p phosphorylation upon
glucose.
3.2. The phosphorylation degree of Cdc25p is positively regulated by
PKA activity
To further investigate the relationship between Cdc25p phos-
phorylation degree and PKA activity, we examined Cdc25p phos-
phorylation in PKA mutants on glucose and glycerol. As shown in
Fig. 3A, Cdc25p from PKA-deleted mutants (DJ402 and DJ424) on
glucose were found to be in a great part condensed to a remark-
ably fast-migrating form (indicating a low phosphorylation
degree), whereas the Cdc25p mobility was diminished in
PKA-activated mutants (ZHS304, ZHS301 and ZHS804) (indicating
a high phosphorylation degree). We also examined Cdc25p phos-
phorylation in cells that shifted from glucose to glycerol. As
shown in Fig. 3B,C the Cdc25p phosphorylation in PKA mutants
was not affected by the carbon source used, whereas in the
wild-type cells the phosphorylation degree of Cdc25p was low-
ered after cells were shifted to glycerol. Therefore it can be re-
vealed that the phosphorylation degree of Cdc25p is positively
regulated by PKA activity, and that the different Cdc25p phos-
phorylation degree of the PKA-activated cells might be due to
their distinct PKA activities.Fig. 3. Cdc25p phosphorylation in PKA mutants. (A) Cdc25p from cells on glucose.
(B) Cdc25p from cells shifted to glycerol. (C) Cdc25p from cells on glucose and
glycerol.3.3. The intracellular association of Cdc25p and Ras2p is not affected
by PKA activity
It has been proved, through a diminished co-immunoprecipi-
tated protein, that the intracellular association of Cdc25p and
Ras2p is impaired in response to glucose [20]. However, as the
quantity of the immunoprecipitated protein was not exactly
determined, there might be some limitations to quantitatively ana-
lyze the interaction of two proteins merely through the co-
immunoprecipitated protein. Therefore we quantitatively analyzed
the intracellular protein association through the ratio of co-
immunoprecipitated protein/immunoprecipitated protein. The
co-immunoprecipitation assay was repeated and no signiﬁcant
reduction was obtained in response to glucose induction (see Sup-
plementary data). As above glucose signal-independent protein
association, we quantitatively analyzed the intracellular associa-
tion of Cdc25p and Ras2p in PKA mutants. As cells were grown
on glucose medium to an A600 nm of 1, Cdc25p and Ras2p were sep-
arately immunoprecipitated. As shown in Fig. 4, we did not obtain
any signiﬁcant distinction in the ratios of co-immunoprecipitated
protein/immunoprecipitated protein among the PKA mutants.
These results support that the intracellular association of Cdc25p
and Ras2p is independent of PKA activity.Fig. 4. Co-immunoprecipitation assay in PKA mutants. The intracellular association
Ras2p and Cdc25p was revealed by the ratio of Co-immunoprecipitated protein/
immunoprecipitated protein. The ratio in wild-type cells was supposed to be a basic
value that equals 1, the rest of the value was determined by densitometric analysis
and revised according to the basic value. (A) Ras2p immunoprecipitation and
Cdc25p co-immunoprecipitation. (B) Cdc25p immunoprecipitation and Ras2p co-
immunoprecipitation.
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phosphorylation state
The in vitro Ras2-GEF activity of Cdc25p was determined by
GDP-GTP exchange reactions on Ras2-GDP catalyzed by equal
amounts of immunoprecipitated Cdc25p. As the presence of GDP
in the in vivo situation, and the similar kinetics of GDP–GTP ex-
change reactions under conditions of only GTP and mixed nucleo-
tides [22], the exchange reactions were performed in the presence
of equimolar amounts of GDP and GTP.
As cells of DJ401were grown on glycerolmedium to an A600 nm of
1, glucose was added to a ﬁnal concentration of 2% (w/v). Aliquots
were taken before and 30 s after glucose addition, Cdc25p was
immunoprecipitated and Cdc25p from glucose-induced cells was
subjected to phosphatase treatment (Fig. 5A). The in vitro GDP–
GTP exchange reactionswere catalyzed by equal quantity of Cdc25p
(Fig. 5C,D), the control reaction was catalyzed by equal volume of
elution buffer (used for Cdc25p elution) added with anti-HA anti-
body (used for Cdc25p immunoprecipitation) to exclude their possi-
ble inﬂuences (Fig. 5B). Equal amounts of total Ras2p were used in
each reaction system and subjected to Ras2-GTP detection. Total
Ras2pwasmeasured in all assays to quantitatively analyze the ratio
of Ras2-GTP/total Ras2p. As results of quantitative analysis shown in
Fig. 5E, both reactions in thepresenceofCdc25pexhibitshigher rates
compared with the control reaction, whereas Cdc25p from starved
cells displays a more active Ras2-GEF function compared with
Cdc25p from glucose-induced cells. This result suggests that though
its ability of catalyzing the GDP–GTP exchange reaction, Cdc25p
from glucose-induced cells exhibits impaired Ras2-GEF activity
compared with Cdc25p from starved cells.
As the different phosphorylation state of Cdc25p from glucose-
induced cells and from starved cells (Fig. 5A), to further verify theFig. 5. In vitro Ras2 GDP/GTP exchange reactions catalyzed by Cdc25p. (A) Immunopre
induced cells; lane 3: Phosphatase treated Cdc25p from glucose-induced cells. (B–E): B
exchange reactions catalyzed by: (B) and (): elution buffer added with anti-HA antibody
cells. (F and G): Blots and quantitative analysis of generated Ras2-GTP at 30 min in the in
with anti-HA antibody; lane 2: Cdc25p from starved cells; lane 3: Cdc25p from glucose-
presented in Fig. 5E and G represent quantitative analysis of generated Ras2-GTP, in whdirect effect of Cdc25p phosphorylation on its in vitro Ras2-GEF
activity, we also performed in vitro GDP–GTP exchange reactions
catalyzed by phosphatase treated Cdc25p. As result shown in
Fig. 5F and the quantitative analysis shown in Fig. 5G, at the time
of 30 min, though the reaction catalyzed by Cdc25p from glucose-
induced cells (lane 3) produces more Ras2-GTP than the control
reaction (lane 1), but still less compared with reaction catalyzed
by Cdc25p from starved cells (lane 2), whereas the quantity of gen-
erated Ras2-GTP is signiﬁcantly recovered in the presence of
Cdc25p treated with phosphatase (lane 4). This result reveals that
the reduction of the in vitro Ras2-GEF activity of Cdc25p from glu-
cose-induced cells is due to its elevation of phosphorylation
degree.
4. Discussion
Cdc25p phosphorylation in the yeast S. cerevisiae has been
found for many years [20], however there is still no evidence sup-
porting that this remarkable modiﬁcation has some effect in regu-
lating the protein function. This paper mainly explores the role of
Cdc25p phosphorylation in regulating its in vitro Ras-GEF activity,
which possibly implicates the feedback inhibition mechanism by
which PKA down-regulates Ras-GEF Cdc25p. Even though the
phosphorylation degree of Cdc25p is observed to be positively reg-
ulated by PKA activity (Fig. 3), and the positive role of the Ras/
cAMP/PKA pathway-relevant kinase (Rim15p, Sch9p, Yak1p or
Tor1p) in the remarkable glucose-induced Cdc25p phosphorylation
has been excluded (Fig. 2E), there is still no evidence as to a totally
unphosphorylated Cdc25p and we still could not exclude some
slight phosphorylation of Cdc25p by other kinases. However, this
possibility does not disturb us to investigate the remarkable
PKA-dependent Cdc25p phosphorylation.cipitated Cdc25p. Lane 1: Cdc25p from starved cells; lane 2: Cdc25p from glucose-
lots and quantitative analysis of generated Ras2-GTP in the in vitro Ras2 GDP/GTP
; (C) and (j): Cdc25p from glucose-induced cells; (D) and (N): Cdc25p from starved
vitro Ras2 GDP/GTP exchange reactions catalyzed by: lane 1: elution buffer added
induced cells; lane 4: phosphatase treated Cdc25p from glucose-induced cells. Data
ich the generated Ras2-GTP at the time of 0 (11.8%) was subtracted.
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degree by intrinsic PKA activity, which lays a foundation in the
feedback regulation of Cdc25p by intrinsic PKA. It is interesting
that the Cdc25p from mutants of high PKA is in a high phosphory-
lation degree even in glycerol medium (Fig. 3C). The Ras-cAMP
pathway is known to be repressed by glucose and the high PKA
phenotype exhibited by cells growing on glucose was due to
cAMP-independent activation of an alternative pathway, the fer-
mentable growth medium-induced (FGM) pathway, which has an
overlapping function with the Ras-cAMP pathway [1]. It was also
suggested that, in cells growing on glucose, the FGM pathway
inhibited PKA activity [10]. Due to the deletion of regulatory sub-
unit (Bcy1p) and one or two of the catalytic subunits of PKA in mu-
tants of high PKA, the intrinsic PKA activity is no longer inhibited
by the FGM pathway, which is dependent upon the carbon source,
therefore leading to a failure to see any remarkable differences of
Cdc25p phosphorylation degree in glucose-growing cells com-
pared to glycerol-growing cells when PKA is constitutively high.
Though there have been numerous studies as to the intracellu-
lar association of Ras2p and Cdc25p, the role of Cdc25p phosphor-
ylation in regulating its association with Ras2p still needs to be
further investigated. The intracellular association of Ras2p and
Cdc25p has been revealed merely through a reduced co-
immunoprecipitated Ras2p or Cdc25p [20]. To eliminate the dis-
turbance caused by the quantity of immunoprecipitated protein,
the intracellular protein association was explored through the ratio
of co-immunoprecipitated protein/immunoprecipitated protein.
The experimental results (Fig. 4) revealed that the intracellular
association of Cdc25p and Ras2p is independent of PKA activity
and consequently the PKA-regulated Cdc25p phosphorylation.
In this work, the in vitro GDP–GTP exchange reactions on Ras2-
GDP were catalyzed by Cdc25p immunoprecipitated by starved or
glucose-induced cells. In the process of Cdc25p immunoprecipita-
tion, Ras2p is accordingly co-immunoprecipitated because of its
intracellular association with Cdc25p. Though its little amount,
the co-immunoprecipitated Ras2p has also been suspected to, in
some extent, disrupt the in vitro GDP–GTP exchange reactions in
which Ras2p is expressed and puriﬁed from E. coli cells. To investi-
gate this issue, Ras2p was speciﬁcally immunoprecipitated from
yeast cells using anti-Ras2 antibody. Unexpectedly, the in vitro
GDP/GTP loading activities of immunoprecipitated Ras2p was
found to be completely impaired (data not shown). This might be
due to the conformational change of immunoprecipitated Ras2p
caused by antibody afﬁnity. Notably, the in vitro GDP/GTP loading
activity of GST-Ras2 fusion protein was also abolished due to the
presence of GST under our experimental conditions (data not
shown). Therefore these experimental data excluded the possible
disturbance of the co-immunopuriﬁed Ras2p from yeast cells.
As shown in Fig. 5E, the reaction rates in the presence of Cdc25p
from starved or glucose-induced cells are distinct within 30 min.
At the time of 80 min, both reactions proceed to the saturated ex-
tent, whereas the control reaction is still sustained in a low extent.
The Ras2-GEF activity of Cdc25p from glucose-induced cells was
recovered after Phosphatase treatment (Fig. 5G), verifying that
the Ras2-GEF activity of Cdc25p is repressed by modiﬁcation of
phosphorylation. These data give strong supports to the involve-
ment of Cdc25p phosphorylation in regulating its Ras2-GEF activity
and implicated a role of Cdc25p phosphorylation in feedback reg-
ulation of Cdc25/Ras/cAMP/PKA pathway.
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